Volatile organic compounds (VOCs) released by host plants attract gravid European corn borer (ECB) female moths for oviposition. Despite extensive studies, little is known about VOCs emitted by maize under natural conditions or the odorscape of a maize field, particularly at the time of ECB oviposition. Here, we characterized VOCs released by undamaged maize plants and VOCs in the maize field odorscape. VOCs were collected throughout the diel cycle with solid-phase microextraction fibres. VOCs were identified by GC-MS and quantified with calibration curves. Four replicates per time period were collected; i.e., dusk, night, dawn, and day. VOC patterns differed between the maize plants and the maize field odorscape throughout the diel cycle. At night, the period of ECB oviposition, the VOC pattern was characterized by an increase in monoterpenes, a decrease in sesquiterpenes, and the presence of methyl salicylate, -copaene, and Z-3-hexenyl acetate. An apparent discrepancy between maize plant and field odorscape VOC compositions was observed. Key compounds were identified as putative host-cues, including methyl salicylate, -pinene, 3-carene, p-cymene, limonene, and dimethyl nonatriene. This study showed that VOCs were released by maize in a diel pattern, and host-characteristic cues were present for nocturnal ECB oviposition.
Introduction
Insect and plants through co-evolution forged close ties, often based on perception by insect of chemical signals emitted by the plant [1] [2] . Although not being a native plant of Europe, the cultivated maize (Zea mays, L.) has been colonized by a native herbivore Lepidoptera, the ECB. Being cultivated yearly over large areas, maize offers an inexhaustible food resource, often leading to uncontrolled ECB population growth.
ECB is a nocturnal behaving insect which mate in dense grassy area where they rest and hide during the day [3] [4] . Host plant recognition is achieved by gravid ECB females seeking for oviposition sites shortly after sunset [4] . Field observations clearly showed that the gravid ECB females reach maize fields by oriented flights from the resting area (Frérot & Leppik, unpublished data), flying up the prevailing wind, which is likely carrying maize filed odors.
Previous studies on volatile organic compounds (VOCs) released by maize were mostly conducted under laboratory conditions using isolated and cut plants, to identify herbivore-damaged or wounded plant induced VOCs that attract natural enemies [5] - [8] . Other studies focusing on identification of the maize VOCs were carried out during the photophase under laboratory conditions [9] . Only two papers report on diel pattern of VOCs collected on water stressed maize [10] and on herbivore attacked maize [11] : both studies were conducted under laboratory conditions on small potted plants. All the other information on maize VOCs was dealing with genetic variation [12] , environmental conditions and growth stage [7] . They lead to identification of 40 maize VOCs and have shown that maize is rather poor in volatiles compared to other ECB host plants like hop or mugwort [13] .
Regardless of numerous studies on maize emitted VOCs, little is known about the maize VOCs released in situ under field conditions. VOCs profiles obtained under the photophase are thus probably not relevant to nocturnal host seeking moth. The natural odorscape encountered by the nocturnal host seeking ECB remain unknown. The aim of this study was to provide an ecologically relevant insight into the natural plant produced VOCs at the scales of the plant and the field during the period of ECB activity. VOCs were collected from maize plant headspaces and from field atmosphere. The collected VOCs were identified and quantified. The differences between VOCs blend from maize plant headspace and field atmosphere are discussed based on the present knowledge of the chemistry of emitted VOCs and their ecological significance.
Materials and Methods

Sampling Site
The experiments were conducted in a maize field situated in the Ile-de-France region near Grignon (Yvelines) (48 85 N, 1.9 68 E) in France. [14] . Temperature from dusk till dawn varied from 9 to 18 and RH% from 74% to 100%. Throughout the collection session, there was neither precipitation nor strong winds.
VOC Collections
The non-destructive static headspace-sampling mode was chosen for collecting maize VOCs. Plants were chosen so as to have approximately equal leaf surfaces; they were enclosed into individual Teflon bags (50 × 25 cm). A small hole was pierced to the Teflon bag to introduce a Solid Phase Micro Extraction (SPME) fiber. Control samples, one per time periods, constituted of an empty closed Teflon bag with a SPME fiber introduced under the same condition as the plants. Headspace VOCs were collected during two hours at four distinct time periods: dusk (22:00 -00:00), night (01:00 -03:00), dawn (05:00 -07:00) and day (13:00 -15:00). After VOCs collection, SPME fibers were packed individually into aluminum foils and stored at 20 until gas chromatography (GC) and mass spectrometry (MS) analyses. For every collection a new plant was chosen. Two replicates for each time period were collected on two different days and nights implying that VOCs profiles from 16 plants were recorded altogether.
Maize field atmosphere VOCs were collected by placing SPME fibers in open-air condition, in the middle of the maize field. The fiber was attached at the top part of a maize stem and VOCs were collected under the same conditions as described above for the static headspace. Maize field atmosphere VOCs were collected during two hours at four distinct time periods: dusk (22:00 -00:00), night (01:00 -03:00), dawn (05:00 -07:00) and day (13:00 -15:00) from the same field where the headspace VOCs collections took place.
SPME Fiber
cleaned by heating in the GC injector at 250 for 5·min with helium as gas flow. Cleaned fibers were wrapped into aluminum foil and stored in screw-capped individual Pyrex glass tubes until they were used.
Chemical Analyses
To identify the maize headspace and field atmosphere VOCs the SPME fibers were desorbed in the Varian 3400 GC injector held at 250 . The GC was linked to a MS detector Varian QIMS. Compound separation was carried out using Rxiprogrammed to hold at 50 for 3 minutes and to increase at 8 /min to 300 . Helium was used as carrier gas. Mass spectra were obtained in electron impact mode (70 eV) with the ion source at 230 in a full scan mode (30 -400 uma) .
VOCs eluted from SPME collections were identified according to their mass spectra and retention indexes (RI). The RIs were computed using n-alkanes from C10 to C24, eluted under the same conditions as the samples. Every compound spectra and RI were compared with the RI and spectra of laboratory and NIST 1998 libraries using deconvolution software AMDIS32.
The calibration curves of GLV, MT and sesquiterpenes (SQT) were obtained by injection of the following synthetic samples: linalool, -pinene, -humulene, -copaene, MeSA, cis-3-hexenol (Z3-6:OH), (Sigma-Aldrich), -farnesene (Chemtech), ocimene (Fluka) and cis-3-hexenyl acetate (Z3-6:Ac) (Lancaster). Each compound was injected at least in three replicates at the concentrations of 5, 10, 25 and 50 ng/µl. Linear calibration curves were created for each compound to estimate the GC-MS ion trap detector response. The GC-MS detector response for linalool, ocimene and myrcene were used to quantify the acyclic MT, -pinene for cyclic MT, -humulene and -copaene for cyclic SQT, -farnesene for acyclic sesquiterpenes, MeSA, Z3-6:OH and Z3-6:Ac responses were used to quantify the different GLV.
Data Analyses
All the raw GC data of VOCs areas were transformed in nanograms (ng) using respective authentic calibration curves. Relative amount of compounds was calculated by dividing the compound amount (ng) by the total amount of detected compounds in the same analysis and expressed as a percentage.
When studying the diel cycle of emitted volatile compounds, we had four replicates of VOCs profiles for each of the time periods and two replicates for air collections from the maize fields.
To study if there was a difference between the time periods in the composition of the volatile compounds, a straightforward MANOVA approach, i.e. treating the amount of each compound as a dependent variable was not feasible due to insufficient number of degrees of freedom. To reduce dimensionality, we conducted a principal component (PCA) with total spectrum of the volatile compounds. A MANOVA was then performed on the values of respective PC scores. Taken separately, the first three PC were tested with two-way ANOVAs to access if there is a significant difference between time periods. Analogous analyses were performed separately for SQT, and all compounds other than SQT. For all ANOVAs, distributions of residuals were checked and no substantial deviations from normality were found. The analysis of among-period differences of individual compounds were compared among the three periods using non-parametric Kruskal-Wallis test as clear deviations from normality precluding a parametric ANOVA approach was evidenced among-period differences of individual compounds. An analogous MANOVA PC analysis and Kruskal-Wallis test were conducted on field air VOCs data.
Results
Maize Headspace VOCs
From maize headspace VOCs collections, 21 components were detected and identified according to the retention index and comparison of the mass spectra with authentic samples or respective data bases ( Table 1) . 19 components out of 21 were already identified at least once in different studies dealing with maize VOCs. Two VOCs were newly identified as maize VOCs: p-cymene, and a compound tentatively identified as selina-3,7 (11) diene (SQT).
Maize odour was found to be a mixture of three GLVs, six MT, two HT and 12 SQT ( Table 1 ) the amount of which varies considerably throughout the 24-hour cycle. The relative ratios of MT and SQT changed between day and night (Figure 1) . The peak of SQT emission occurred during the day. In contrast, the peak of MT emis- sion was observed during night and dawn. HT was always present in low quantity and did not change substantially in time. GLV diel composition was characterized by the absence of Z3-6:Ac during day and at dawn, whereas the relative amount of Z3-6:OH increased during dusk.
MeSA and -copaene, were the two main compounds in maize headspace collections and accounted for half of the relative amount of all the VOCs detected. The ratio of relative amounts of MeSA and -copaene varied in time ( Table 1) .
The three PC calculated from the measured amounts of VOC explained 35%, 21% and 14% of variance respectively. A MANOVA performed on the values of the three PC revealed a significant difference in the ratio of maize VOCs between the four time periods (Wilk's lambda = 0.071, p = 0.0015). When the three PC's were analysed separately, only the scores of PC2 differed significantly between the time periods (two-way ANOVA with date as an additional factor: F 3, 11 = 15.7, p = 0.0002) and captured the time-related variance of VOC ratio (Figure 2) . Pairwise comparisons of PC2 scores among the four periods showed that there is no significant difference between maize VOCs ratios of day and dusk, and night and dawn, respectively. All other comparisons returned a significant difference (Tukey test: p < 0.02). Analogous analyses were performed on the headspace VOC data separately by classes of compounds ( Table  2) . We found that the profiles of SQT differed between the time periods (Wilk's lambda = 0.060, p = 0.006), with again, the profiles of night and dawn, as well as day and dusk, being similar to each other, and most pairwise contrasts among the time points attaining significance. In contrast, no among-period differences could be shown for the rest of the compounds (Wilk's lambda = 0.27, p = 0.15) i.e. GLV, HT, MT.
The analysis of among-period differences of individual VOCs was performed using Kruskal-Wallis test ( Table 1 Trans--bergamotene and -cadinene were not detected during night and dawn and were found present only during the photophase with a significantly higher amount during dusk (p = 0.038, Z = 8; p = 0.013, Z = 8.500 respectively).
Field Odorscape VOCs
In the maize field atmosphere a total of 13 VOCs were detected and identified ( Table 3 ). The VOCs profile was dominated by MeSA and a complex of p-cymene with limonene and constant low levels of DMNT. The ratio of MeSA to the complex of p-cymene-limonene did not change with the diel period; -pinene, 3-carene, linalool and -copaene, -farnesene, trans-nerolidol were detected in a random manner in the atmosphere without no clear diel pattern.
The relative amounts of the 13 VOCs detected in the maize field analyze did not changed significantly in time. Also when these 13 VOCs were grouped in chemical classes, no significant diel variation was observed in relative amounts (Kruskal Wallis test, p 0.05 for all cases) ( Table 3 ).
Maize Headspace versus Field Atmosphere VOCs
The samples from maize field atmosphere and maize headspace shared 12 VOCs. Out of the 13 VOCs detected in the maize field atmosphere, the repeatedly detected MT alcohol linalool was the only VOC, never found in maize headspace. The VOC profiles from maize headspaces were considerably richer in VOCs than the air samples from the field. The individual maize VOCs blend was mainly composed of SQT, as for the maize field atmosphere was composed predominantly of MT. In general, the pattern of diel changes in VOCs composition of individual maize and maize field atmosphere did not match. Solely MeSA (GLV) had the same diel pattern of emission in field and headspace collections with the emission peak during the day time of the 24-hours cycle and the decrease during dusk and night.
Discussion
Working in the field on healthy maize plants generates a new description of volatiles released by maize and for the first time produce an insight of what might encounter a flying insect reaching a maize field. Our hypothesis that pests, such as ECB moths, are likely to be fairly tuned to the maize plant VOCs and probably use the specific volatile cues released by plant at the beginning of the night to reach oviposition site is supported by the diel variation evidenced in the results.
At the plant level, the relevant changes concerned the Z3-6:Ac that occurred only during dark period as well as the increase of limonene and p-cymene, newly identified in maize headspace. SQT were missing during the dark period and only detectable during daytime, in contrast of MT emission. The diel variations in MT and SQT emission is influenced by abiotic factors and are related to photosynthese activity as shown on other plants [15] - [19] . Another interesting information concern the MeSA identified as one of the main component in the headspace of healthy maize plants. The quantities fluctuate with the diel periodicity in the opposite way of the second main component the -copaene. MeSA in our results is not restricted as an herbivory induced component but appeared to be a constituent of the maize headspace. This result is reinforced with the results on maize field atmosphere in which this component is identified in large amount. MeSA can be considered as a key compound for maize plant recognition by ECB as it elicited high responses on female antennae [9] [13] and is active on female attraction behavior [10] . The most recurrent VOCs in maize headspace analyzes were MeSA, -pinene, p-cymene with limonene and -copene. The volatile pattern described here differed of the water stressed plant signal [10] and of the herbivore damaged plants [11] . The global change of VOCs in time may serve as different signals to host-seeking moths.
The maize field atmosphere VOCs analyzes showed that the natural chemical environment of host-seeking insect is poor in volatiles and is composed mainly of MeSA and MT. SQT were detected scarcely and without any apparent pattern. The most consistently detected VOCs in maize field atmosphere were MeSA, linalool and -myrcene that were already reported as VOCs from maize but after herbivore damage, [8] [20] [21] . Additionally, limonene, -pinene, 3-carene were also repeatedly detected, but no information about their biological activity on ECB pests is known.
Linalool a previously identified compound from stressed or damaged maize plant was not detected in our VOC collection condition from healthy plant in the field. The emission of this compound by maize seemed to be a part of plant stress chemical signal. Linalool is generally released in large amounts from deciduous in forest [22] [23] and is likely coming from wooden hedges.
The apparent discrepancy between maize headspace and field atmosphere VOCs profiles concerned the patterns of MT and SQT. In the atmosphere VOCs collections the SQT were rarely detected and the distorted vision of SQT and MT ratio in atmosphere and plant were already described [22] [24] . The SQT are highly reactive with atmospheric O 3 and are often completely destroyed in the atmosphere before they can be detected in an analysis [25] [26] . The average lifetime of a MT molecule in the air is about one hour and just 2 -4 minutes for SQT [27] . The experimental design can also account for the differences. For the headspace VOCs collection we created a limited space, where the volatiles were concentrated, as for the atmosphere VOCs collections, the SPME fibers were exposed to field air with extremely low concentration of VOCs. Indeed, similar results were obtained by comparing the maize field and deciduous forest atmosphere VOCs compositions (Leppik & Frérot, in-press ).
As expected the chemical signal released by the maize plants differed with the diel periodicity. The pattern of the chemical signal encounter by nocturnal flying insect is specific to the dark period. The VOCs blends from maize headspace were mainly composed of MeSA and -copaene and Z3-6:Ac, MeSA, -pinene, 3-carene, p-cymene, limonene and DMNT were found in both maize headspace and atmosphere. They can be considered as candidate key compounds for host plant recognition and will deserve further studies on their insect behavioral relevance.
